Geochemical and Geostatistical tools were used to assess: 1) the chemical quality and, geochemical processes in crystalline rock aquifers in Sabodala (Eastern Senegal) and its surroundings and 2) the impact of mining activities on their quality. A total of 26 water samples collected at boreholes, dug wells and stream, were analyzed to determine major and trace elements concentration focused on elements that represent more threats on human health. Boxplots define chemical characteristics of water for each aquifer formation compared to surface waters. Geostatistical analysis show two sources of water mineralization with regard to major elements: a first natural source characterized by Ca-Mg-HCO3 water type from boreholes and unpolluted surface water and a second group characterized by polluted water by nitrates with Na-NO3-Cl type mainly observed in upper weathered aquifers. However, considering trace element, geostatistical analysis showed three water groups: water with very low trace element concentrations encountered in boreholes and unpolluted surface waters, and waters with relatively high trace element concentrations such as Al observed in areas affected by gold mining activities and finally, polluted waters by Ni, Co, Mn and Cr observed at Sabodala. Results show that in eastern Senegal well waters are vulnerable and often affected by pollution.
Introduction
The study area is located in the basement part of Senegal; it is constituted by Birimian formations that are gold bearing such as in most part of West africancraton. These terrains have experienced since the 70s a great development of gold research which is crowned by gold mining, discovery and exploitation of Sabodala gold deposit and its satellites which reserves are estimated at several tons of gold. The Birimian's Gold is obviously the main wealth in the South eastern Senegal. Excepted in the large granite massif of Saraya, gold is present on the entire Birimian formations [1] as evidenced by many gold mining sites. Today, mining companies' implantation has led to a rapid development of some villages by a massive influx of people coming from all regions of Senegal and neighboring countries seeking for job on industries or traditional gold mining and even making business. With regard to this situation, water demand and uses is increasing due to the great amount of water used by extractive industry and traditional miners for ore processing. This latter could seriously damage the quality of this resource as mercury is widely used in treatment processing like gold washing and leaching of metallic trace elements (MTE). In fact, MTE constitute the main source of water pollution that affect their quality. According to [2] Nriagu (1990b) , MTE contamination has two main origins: 1) a natural source mainly derived from weathering of rocks and atmosphere inputs via volcanic activity which represents 80% of all the natural sources, compared by forest fires and biogenic sources accounting 10% each; 2) an anthropogenic source mainly derived from the mining activities that can contribute significantly to enrich MTE in waters. This study is aimed to determine water resources quality in relation to the geological nature birimian terrains as well as anthropogenic activities impact related to both industrial and traditional gold mining. The methodological approach based on use of geostatistical tools [3] [4] by PCA (principal components analysis) was conducted on various chemical and physico-chemical parameters in order to discriminate: water chemistry depending on geology of different aquifer types (granites, mafic volcanic rocks, shistes and volcano-sediment) and further anthropogenic inputs induced by mining activities in the sector. Hierarchical cluster analysis (HCA) and the Ward jump, as well as a representation of classes by the biplot function have been used to identify water classes that have enabled to determine the various changes in the chemical water composition that could compromise their quality for human consumption.
Study Area
The study area is located in the south-eastern part of Senegal and belong in the administrative regions of Tambacounda and Kédougou between latitudes 12˚30' and 13˚45' North and longitudes 11˚30' and 12˚30' West. The geological terrains consist essentially by Birimian formations and are subdivided into two super groups as described by [5] :
• The Mako super group composed of thick mafic volcanic flows, massive ultramafic, gabbro and andesitic flows interbedded with quartzites and limestones. This complex is overlain by clastic volcano-sediments rocks made up of pyroclastic, greywackes, sandstones and mudstones [6] . The Mako Super group is folded according to an isocline type structure with a stratification generally concordant with the schistosity, it is characterized by a steeply subvertical dip or inclined to the NW; • The Dialé-Dalema super group is composed of marbles which are overlain by quartzites, greywackes, sandstones and mudstones interbedded with andesitic flows of the Dialé group. This latter is inclined to the south-east with asymmetrical folds which axial plane shows a steeply dipping towards the north-west. The Dialé group is overlapped by Mako Super group at its western side. A recent study project aimed to update the regional mapping of the region [7] divides the Birimian into three groups: Dialé, Mako and Daléma. These Birimian terrains have been investigated for several years for gold, iron and other minerals exploration (Figure 1 ). This is due to the fact that, the Birimian rocks are known to bear proven ore deposed as well as gold indices in the region and in neighbouring countries. Sustrac [8] with regard to the number of small-scale mining and the discovery of gold indices characterized this zone as being favorable for industrial concentrations of this metal.
The study area is characterized by a dry season from October to April-May and a rainy season, which usually starts at the end of April and continues till October with a maximum rainfall occurring in August. The yearly average rainfall is about 1200 mm at the Kédougou station [9] . Rainfall quantity increases from north to south, whereas evaporation and temperature show an inverse trend, compared to rainfall gradient causing a precocious drying up of surface water reserves as early as February in the North province [10] . Hydrogeological context of the area is characterized by fractured, discontinuous and semi-continuous aquifers which are represented by the weathered fringe of hard rocks with yields varying from 0.6 to 30 m 3 /h and high rate of unsuccessful drilling [11] .
Materials and Methods
Sampling campaign conducted in January 2011 investigated groundwaters and surface waters from different sites. Samplings were carried out on two aquifer systems (upper weathered aquifers that are exploited by village wells and lower fissured and fractured aquifers tapped by boreholes) and surface waters. A total of 26 samples was collected and distributed on different hydrogeological units and surface waters (Figure 2) . Physico-chemical parameters such as pH, temperature, dissolved oxygen and electric conductivity were measured in the field. Samples were filtered through 0.45 microns cellulose acetate filters, acidified with concentrated nitric acid and then stored at 4˚C for analysis of major cations and trace elements. Samples for anions analysis were not acidified. Major cations and anions analysis were carried out using Dionex chromatography equipped with auto sampler. Analysis of trace elements was performed by ICP-MS (Inductively Coupled Plasma Mass Spectrometry) that enables measuring simultaneously concentrations of a number of chemical elements with low detection limits (DL) (often less than 0.1 ppb) [12] . The samples were measured with Agilent 7500cx ICP MS using the MERCK ICP multi-element standard solution X, the Inorganic Ventures IV-ICPMS-71A in three different dilution steps (10 mg/L, 10 μg/L, 10 ng/L) and a self-made standard from single element MERCK ICP standards of Si, Al, Ge, Sb and Ti. Each measurement consisted of five repetitions. Concentrations and standard deviations were given in 
Results and Discussion

Physico-Chemical Parameters
Analysis of major elements in surface waters and groundwater in basement aquifers of the Eastern Senegal shows that, waters are generally low mineralized with electric conductivities (EC) ranging from 49 to 790 µS·cm −1 ( ) for Gambia River water comparing to groundwater samples. Groundwaters in Granite setting exhibit the lowest median value (185 μS·Cm −1 ), followed groundwater sampled in mafic volcanic terrain (213 μS·Cm −1 ) and those from schistes and volcano-sediments which median value is the highest (351 μS·Cm −1 ). However it should be noted that the maximum EC was recorded at Bembou well (790 µS·cm −1 ) tapping the granite rock; this high value is likely to be induced by organic pollution marked by high 3 
NO
− content (227.34 mg·L −1 ) which contributes significantly to the overall mineralization of the water. Values of pH are slightly acidic to circum-neutral with median values of 6.6 in granite, 6.9 in schistes and volcano-sediment, and 6.3 in mafic volcanic rocks groundwater setting while they are neutral to slightly basic with a median value of 7.5 for surface waters. This latter can be explained by degassing of CO 2 in torrential surface waters [12] . However, acidic waters are encountered in wells (P3, P2 and P4) located in Sabodala village with respective values of 5.3, 5.8 and 5.5.
Surface waters showed a more oxidizing characteristic with a median value of dissolved oxygen (O 2 ) (7.09 mg·L , respectively. This low content of dissolved O 2 observed in schistes and volcano-sediment GW could be explained by presence of clay minerals that makes the system closed, therefore less oxidant. However Eh median values show similar trend about 50 mV in different water groups except in mafic volcanic rocks GW where lowest median value is recorded (12 mV). A relatively high Eh value (121 mV) is observed at Sabodala River indicating a polluted environment at this level.
Hydrochemistry of Major Ions and Geochemical Processes
The crystalline rock environment is composed of various igneous and metamorphic rock types. Formation processes control their composition and physical properties. Ultramafic rocks are composed of mineral assemblages that crystallize at high temperatures than felsic rock assemblages. Table 2 gives a very brief summary of the chemical and mineralogical characteristics of few rock types in contact with fluids found in crystalline environments [14] . Mafic and ultramafic rocks tend to be composed of mineral phase rich iron-manganese-calcium silicates, whereas felsic rocks tend to contain more sodium-potassium-calcium [15] . Water/rock interaction should likely imprint chemical processes occurring in each geological formation.
Mostly, water chemistry in the study area, is characterized by HCO 3 -Ca-Mg, HCO 3 -Na water types reflecting chemical signature of waters from crystalline and cristallophyllian environments where, water mineralization is controlled by silicate weathering reactions, which produce bicarbonates, cations, silica often accompanied by an increase in pH [16] . Groundwaters (GW) in granite rock are characterized by alkali (Na + K) contents much greater (median value of 21.2 mg·L , respectively (Table 3, Figure 3 ). Alkali ions enrichment in Granite GW is mainly due to K-feldspar and biotite weathering according to reactions below (Equations (3)- (5)) described by [16] . Conversely, alkaline earth (Ca 2+ and Mg
2+
) contents are much greater in schistes and volcanic-sediment GW (Figure 3 ) with a median concentration of 44.9 mg·L −1 followed by mafic volcanic GW (30.3 mg·L 
HCO
− ions in schistes and volcano-sediment GW probably derived from weathering of pyroxene mineral (Equation (4)) in mafic rock and carbonate minerals dissolution such as calcite and dolomite in sedimentary formations. Plagioclase weathering may also contribute to these ions contents [17] (Equation (2)). Since, plagioclase has a higher solubility and dissolution rate, it may substantially contribute to sodium and calcium in solution, therefore Ca/Na ratio would reflect congruent dissolution of plagioclase. However, different Ca/Na ratio to that of plagioclase found in the weathered aquifer implies other sources of Ca or a sink of Na [18] . Therefore, water chemistry in upper weathered aquifers evolves very differently, and can be also affected by organic pollution marked by high concentrations of 3 
NO
− in the majority of sampled wells ( ). Thus, chemical signatures of boreholes' waters reflect characteristics of the geological nature of the aquifer reservoir since these latters are not affected by pollution [9] .
Surface water samples collected from the Gambia River at various stations exhibit very low EC values, ranging between 47 and 58 µS·cm −1 , and much higher (292 µS·cm −1 ) at the Sabodala stream. This latter may involve an additional contribution of elements from various sources as well as evaporation process since flow is low in the stream. (1) Si + ). The advantage of PCA is that rather than examining two variables at a time in an x vs. y plot or perhaps 3 variables in a 3D plot (x, y and z), all the variables from a data set can be examined simultaneously. Mathematically there are no limits when calculating more than 3 dimensions. In PCA, a set of interrelated variables is mathematically transformed into a new co-ordinate system on which the axis (principal components) are linear combinations of the original variables and are mutually non-correlated. The newly transformed variables account for the same information or variance as the original variables do. The only difference is that the first axis accounts for as much as possible the variance. The second axis accounts for the remaining variance while being non-correlated with the first axis and so forth. The variables and the axis are weighted in proportion to the amount of the total variance that they describe [19] . Often the first two principal components generally describe most of the information in the data set [20] . PCA results (Figure 5(a), Figure 5(b) ) show that most of ions contributes significantly to the factorial axis F1. Contribution of each element on this axis depends of the radius assigned to the element on the correlation circle. Thus, Cl − , Ca 
Equations
Si
+ , which suggests a common natural origin of these elements which is though, to be mainly silicates hydrolysis. , Mg 2+ ions approximately to an equal proportion. This group characterized by Ca-Mg-HCO 3 water type contrasts with the Na-NO 3 -Cl group (Figure 4(a) ) that indicates an anthropogenic source of water mineralization with high NO 3 contents. Water contamination by nitrates accompanied by an increase in Cl − concentrations is therefore, more likely related to organic matters. F2 axis indicates that alkaline earth (Ca ; the first being characteristic of schistes volcano-sediment and mafic-volcanic rocks GW and the latest characterize granites GW (Figure 5(b) ).
Overall, PCA shows three main sources of water mineralization (Figure 4(a) ). The distribution of clusters based on the first three PCA (Figure 6) shows that: Clusters 1, 3 and 4 define unpolluted water type (Ca-Mg-HCO 3 ) and are essentially encountered in surface waters and water samples from boreholes. Low mineralized waters, uncontaminated with a Ca-Mg-HCO 3 water type derived from silicate weathering characterize these groups, which occur boreholes tapping lower fractured aquifers; Clusters 2 and 6 which water types are Ca-Mg-NO 3 -Cl and Na-NO 3 -Cl water types are mostly polluted and of poor quality. They are represented by dug wells tapping the upper weathered aquifer (Figure 5(b) ) that are often affected by organic pollution with high nitrate contents exceeding the WHO standards guide for drinking water (50 mg·l 
Hydrochemistry of Trace Elements and Geochemical Processes
Trace elements are natural components of the earth's crust, which contents are mostly less than 1 g·kg −1 in rocks. In the upper continental crust, they constitute 0.6% of the total mass, while 11 major elements represent 99.4% [21] . However, concentrations in water depend both on minerals weathering and their mobility. Thus, aluminum, iron and titanium are among the major components of the Earth's crust but are present at trace levels in waters.
In surface waters, concentrations of trace elements are below 1 mg·L −1 [21] . They can be strongly influenced by human activities especially in traditional and industrial gold mining due to ore treatment. According to INERIS [22] , in mining areas, trace metals concentrations are locally high. Although, these elements are so less mobile due to that they are part of the crystal structure of minerals, the risk of migration results mainly from sulfides oxidation in galleries or tailings present on surface. Acidification of waters that results to this process leads to dissolved trace element (called acid rock drainage in the case of a pit water) that could be transported to another site. In the study area, trace elements composition of waters is highly variable depending on aquifer types (Table 5, Figure 7) . Enrichment of trace element contents in water is especially noted in the gold mining areas where most important trace elements (Al, Ni, Mn, Cr and Co) that affect water quality occur above background level. Statistical analysis shows that Al contents are relatively high in eastern Senegal groundwaters, its mean concentration is about 257 μg·L −1 in Granite and the maximum value (700 μg·L −1 ) is recorded at Tinkoto P4 well where traditional gold mining operates at the village. In the schistes and volcano-sediments setting, the median Al content is 55 μg·L −1 and the maximum concentration is observed at Khossanto wells (166 μg·L −1 ). In mafic volcanic GW median Al content is 104.5 μg·L −1 and the maximum content (813 μg·L the maximum Al concentration is recorded at Sabodala River. However, at Bantako on the Gambia River downstream of the ore washing site Al content is relatively high 306 μg·L −1 . These relatively high Al contents in different sampled reservoirs types are mainly related to gold mining activities that enrich waters by washing the ore crushed that consequently, facilitates the release and solubilization of ions in waters. Ni is present at low contents in waters from different reservoirs ( Table 6 ) except in mafic rocks and particularly at Sabodala village where the maximum concentration is observed in Sabodala well P3 (890.2 μg·L −1 ). For the four wells sampled at Sabodala village, both sabP4 and sabP3 have Ni contents that exceed the standard for drinking water (20 μg·L . On other groundwater groups, Nikel is present at relatively low content with the median values below standard which are respectively 2 μg·L −1 in granitic GW 3 μg·L −1 , 8.45 μg·L −1 in schistes and volcano-sediments GW; 1.6 μg·L −1 in surface waters. These high contents of Ni observed at Sabodala could be related to industrial mining activity in the area. When comparing with Mn and Cr, relatively high concentrations are encountered only at the Sabodala River with respective concentrations of 1107 μg·L −1 and 10.38 μg·L −1 for each of these elements. Mn was also found at Sabodala P3 with a content of 643 μg·L −1 exceeding the WHO standard for drinking water (500 μg·L −1 ) which always confirms impact of mining activities at this site. The other elements Table 6) . PCA (Figure 8(a), Figure 8(b) ) shows that first principal component (F1 axis) contributes for 32% of the total variance in the data set and essentially, controls the water mineralization. Elements that contribute significantly to this axis are: Ni, Co, Mn, Cr, and Al. The second principal component which accounts for 22% of the total variance in the data has weighted factors) determined by the Fe and Cd that contribute significantly to F2 axis. Mn and Cr are well correlated which may suggest a common origin of these two elements. Much of natural Cr is derived from chromite (FeCr 2 O 4 (s)) which is relatively insoluble [22] . Cr and Mn contents at the Sabodala stream show a pollution at this level (Figure 8(a), Figure 8(b) ). Mn enrichment in water and especially the soluble Cr may occur in sediments or other evaporative lakes environments as trace element within other soluble salts [25] . In contrast, Ni and Co ions are well correlated this reveals another source of pollution at Sabodala. Ni is often associated with Co in nature, their occurrence is specially noted in ultramafic rocks, black shales but also in nickel or silver deposits and waters affected by mining wastes [26] . Very high Ni concentrations observed at Sabodala could occur from mining waste (tailings) which, when leached can contaminate well waters at this village. This is confirmed by a decrease in pH in Sabodala well waters where, the lowest pH values 5.3, 5.8 and 5.5 at Sabodala P3, Sabodala P2 and Sabodala P4, respectively. Finally F3 axis is characterized by weighted factors such as Zn 2+ and Pb 2+ that contribute significantly to the third principal component accounts for 14% of the total variance in the data. The only sample encountered in this group and localized in Saraya granite is characterized by Zn and Pb contents relatively high. This high concentration is accompanied to an increase in 2 4 SO − concentration in water which can probably due to sulfides weathering (ZnSO 4 ) and (PbSO 4 ) in the granites.
Cluster distribution (Figure 9 ) identifies three groups: Cluster 1 which includes waters with very low contents of MTE below the thresholds of allowable concentrations for drinking water. This cluster includes all boreholes, surface waters excepted Sabodala River, downstream of Bantako on the Gambia River and wells that are unpolluted mainly localized in areas without mining activities;
Cluster 2 which contains water from gold mining areas except Saraya well is characterized by more enriched waters in trace element including aluminum. This relatively high Al contents in waters in mining area are related to gold ore washing and leaching which contributes significantly to release Al, major elements of rocks in solution, thereby tending to increase its concentration in waters;
Finally, cluster 3 represents polluted waters which are characterized by high Ni contents at Sabodala P3, very Figure 8 . Principal components analysis (PCA) of trace elements (Ni, Cr, Al, Mn, Co, Cd, Fe, Zn, Pb) in waters from different reservoirs (numbers represent the sampling sites: see Table 4 ). ) at Khodonkhou.
Conclusion
This study based on the hydrochemical characterization of hydrogeological units in eastern Senegal by statistical approach incorporates major and trace elements. Multivariate geostatistical analysis by PCA showed two main sources of water mineralization for the major elements. A first natural source characterized by Ca-Mg-HCO 3 and Na-HCO 3 types observed at boreholes and unpolluted surface waters and a second anthropogenic source related to their high nitrates contents mainly observed in village wells that tap the upper weathered aquifers. Granites GW are less mineralized and are enriched in alkali (Na + K), while schistes and volcano-sediments GW and mafic volcanic GW more mineralized, are characterized by higher contents of alkaline earth (Ca + Mg). These results show that well waters of eastern Senegal are vulnerable and often affected by pollution and this due to human activities observed in the gold mining areas (Tinkoto, Sabodala and Bantako) where, most enriched waters in MTE particularly Al are noted. Results indicate that, at eastern Senegal the upper weathered aquifers are highly vulnerable to pollution as shown by well waters often affected by pollution related human activities observed in gold mining areas. Therefore, consumption in long term of these contaminated well waters could cause health effects to population that is exposed to these relatively high NO 3 and trace element concentrations especially at Sabodala village where, further investigations should be conducted in order to better manage monitoring and assessment of drinking-water quality in community supplies.
